Chronic myelogenous leukemia (CML) is a cytogenetic disorder resulting from the expression of p210BCR-ABL. Imatinib, an inhibitor of BCR-ABL, has emerged as the leading compound to treat CML patients. Despite encouraging clinical results, resistance to imatinib represents a major drawback for therapy, as a substantial proportion of patients are refractory to this treatment. Recent publications have described the existence of a small cancer cell population with the potential to exhibit the phenotypic switch responsible for chemoresistance. To investigate the existence of such a chemoresistant cellular subpopulation in CML, we used a two-step approach of pulse and continuous selection by imatinib in different CML cell lines that allowed the emergence of a subpopulation of adherent cells (IM-R Adh) displaying an epithelial -mesenchymal transition (EMT)-like phenotype. Overexpression of several EMT markers was observed in this CML subpopulation, as well as in CD34 1 CML primary cells from patients who responded poorly to imatinib treatment. In response to imatinib, this CD44 high /CD24 low IM-R Adh subpopulation exhibited increased adhesion, transmigration and invasion in vitro and in vivo through specific overexpression of the aVb3 receptor. FAK/Akt pathway activation following integrin b3 (ITGb3) engagement mediated the migration and invasion of IM-R Adh cells, whereas persistent activation of ERK counteracted BCR-ABL inhibition by imatinib, promoting cell adhesion-mediated resistance.
Introduction
Chronic myelogenous leukemia (CML) is a hematopoietic stem cell disease characterized by t(9;22)(q34;q11) translocation, which encodes the chimeric tyrosine kinase p210BCR-ABL (Groffen et al., 1984) . This tyrosine kinase is responsible for the increased activation of several downstream signaling pathways, including the Ras/Raf/MEK/ERK and PI3K/Akt pathways, which both affect malignant cell behavior (Deininger et al., 2000; Steelman et al., 2004) .
The tyrosine kinase inhibitor (TKI) imatinib is the first-line treatment option for patients with CML; however, prolonged drug exposure may result in the acquisition of drug resistance, impeding successful treatment, and causing patient relapse (Druker et al., 2001; O'Brien et al., 2003) . Many studies have been conducted without considering CML as a homeostatic disease of the bone marrow (BM) that is not limited to the leukemic population but extends to the surrounding medullar stroma. To date, it is incompletely understood how BCR-ABL and TKIs (including imatinib) affect the tumorstroma interactions in the BM to create a permissive and supporting microenvironment for malignancy and for the dissemination of leukemic stem cells.
In a physiological context, interactions with the medullar stroma control the homeostasis of normal hematopoietic stem cells in the adapted microenvironment of the BM (Hope and Bhatia, 2011) . The proliferation of normal hematopoietic progenitors is significantly inhibited when these cells are cultured in contact with BM stromal cells or with the adhesive matrix protein fibronectin (FN), suggesting that integrin-dependent adhesion inhibits normal progenitor cell proliferation (Hurley et al., 1995; Salesse and Verfaillie, 2002) . In contrast, the abnormal expansion of CML progenitors and their growth advantages over existing normal progenitors may be related to their inability to integrate and transduce negative signals from the BM microenvironment (Salesse and Verfaillie, 2002) . Thus, decreased integrin-mediated adhesion of CML progenitors to the medullar stroma may underlie the expansion of malignant CML progenitors and their evasion from the BM (Shet et al., 2002) . In addition, the BM microenvironment can efficiently protect leukemic cells against apoptosis induced by cytotoxic drugs, TKIs and g-irradiation. Indeed, CML cells in contact with stromal cells and extracellular matrix components may acquire resistance to chemotherapy (Damiano et al., 1999 (Damiano et al., , 2001 ) by a process known as cell adhesion-mediated drug resistance (CAM-DR) (Li and Dalton, 2006) . Although it is well established that CML cell progenitors in the BM are less sensitive to imatinib than their circulating counterparts, the role of cell adhesion in the resistance of CML cell progenitors to TKIs has not been evaluated (Li and Dalton, 2006) .
Emerging lines of evidence suggest that the acquisition of drug resistance reflects changes in cell -cell and cell -matrix communication of the tumor cells, which can undergo a transdifferentiation process such as epithelial-to-mesenchymal transition (EMT; Thiery, 2002; Voulgari and Pintzas, 2009) . EMT is a highly conserved developmental program allowing epithelial cells to transdifferentiate into cells displaying a mesenchymal phenotype (Thiery et al., 2009 ). This program is activated during mesoderm formation and speciation of hematopoietic progenitors in embryos; however, it also promotes the metastatic dissemination of single malignant cells following the acquisition of adhesive, migratory and invasive capacities (Thiery et al., 2009) . Recent evidence that induction of the mesenchymal phenotypic switch generates chemorefractory cells with stem cell-like features emphasized the role of EMT in tumorigenesis (Mani et al., 2008; Ahmed et al., 2010; Mego et al., 2010; Wang et al., 2011) .
In the present study, we demonstrate that continuous imatinib treatment selects for a subpopulation of imatinib-resistant and highly adherent CML cells (IM-R Adh) that expressed stemness markers and exhibited mesenchymal behavior compared with their imatinib-sensitive (IM-S) counterparts. The spreading phenotype of IM-R Adh cells is associated with increased invasive properties that strictly depend on the presence of imatinib or nilotinib in the culture medium as it was rapidly reversible upon drug withdrawal. The increased adhesion, migration and invasive properties of IM-R Adh cells in vitro and in vivo are mediated specifically through enhanced aVb3 integrin expression and signaling that culminate in the activation of the FAK/Akt and ERK1/2 pathways. Of note, overexpression of the b3 integrin is also observed in primary mononuclear cells from CML patients treated for 1 year with imatinib. Collectively, these findings show for the first time that continuous incubation of IM-R CML cells with TKIs (imatinib or nilotinib) selects for adherent cells with a cancer-initiating cell and EMT-like phenotype that have acquired an increased capacity for adhesion, migration and invasion in vitro and in vivo.
Results

Phenotypic and functional characterization of imatinib-dependent adherent CML cells
From the IM-S K562 and JURL-MK1 CML cell lines, we generated CML cell lines resistant to imatinib (IM-R) following pulse exposure to increasing doses of imatinib. As a first step, IM-S cells were treated with 0.1 mM imatinib for 5 days and were then washed and maintained in culture for two additional days in the absence of imatinib. Then, increasing concentrations of imatinib (2.5-fold increments) were sequentially administered up to 10 mM. Subsequently, IM-R cells were grown continuously in the presence of imatinib to mimic the daily, long-term exposure to TKIs of CML patients. Under these conditions, we observed the rapid emergence of a small proportion of cells with a spread morphology. After several cycles of replating in the continuous presence of high doses of imatinib, we isolated a new subpopulation of K562 or JURL-MK1 adherent cells, hereafter referred to as K562 and JURL-MK1 IM-R Adh cells ( Figure 1A , left panel). As shown by phalloidin staining, imatinib increased the adherence and spreading of this new subpopulation of IM-R Adh cells by inducing a reorganization of the actin cytoskeleton network ( Figure 1A , right panel). Because imatinib selected for a new cell population with increased adhesive properties, we investigated whether these cells were capable of forming 3D spheroids, which is a hallmark of cancer-initiating cells. As shown in Figure 1B , only IM-R Adh but not IM-S cells were capable of forming 3D spheroids in 24-well plates coated with soft agar, suggesting that these cells display cancer stem cell-like phenotypic characteristics and behavior. A possible explanation for this phenotype is an enrichment of the IM-R Adh cell subpopulation with leukemia-initiating cells (LIC). To compare the frequency of LIC in the IM-S and IM-R Adh cell populations, we performed a limiting dilution assay using standard methods (Hu and Smyth, 2009) . The average LIC frequency in the IM-R Adh cell population increased 11-fold compared with IM-S cells (1/3430 versus 1/39210; Figure 1C) . Accordingly, IM-R Adh cells were homogeneously CD34 med /CD38 low ( Figure 1D ), a phenotype associated with leukemic stem cell potential. Although slightly slower growing than IM-S cells as a result of the high proportion of cells in the G0/G1 phase of the cell cycle (Supplementary Figure S1A and B), IM-R Adh cells were proliferative, as shown by the Ki-67 staining in Figure 1E . Moreover, imatinib treatment did not impair the capacity of IM-R Adh cells to proliferate, in contrast to IM-S cells (Supplementary Figure S1B) . Finally, both K562 cell types exhibited an equivalent mitochondrial membrane potential that remains unchanged after imatinib treatment of IM-R Adh cells (Supplementary Figure S1C) . As observed in Supplementary Figure S1D and E, imatinib-induced caspase 9 and 3 activation that correlated with a decrease in Bcl-2 protein levels in IM-S cells, while the Bcl-2 expression was sustained despite imatinib treatment in IM-R Adh cells. To further characterize the stem cell-like phenotype of the IM-R Adh cell subpopulation, we screened several known markers of cancer stem cells by quantitative PCR (qPCR) microplates. Significant increases in the expression of stemness markers including Oct4, Nanog and ALP1 were observed in two different IM-R-Adh CML cell lines (K562 and JURL-MK1) compared with their IM-S counterparts ( Figure 1F) . Importantly, these cells also exhibit an additional stem cell-like signature that is characterized by both a drastic upregulation of CD44 and a downregulation of CD24. CD24 and CD44 are both cell-surface glycoproteins involved in cell-cell interactions, cell adhesion and migration. Although CD44 is expressed in a large number of mammalian cell types and participates in a wide variety of cellular functions including lymphocyte activation, recirculation and homing and hematopoiesis, CD24 expression is restricted to most B lymphocytes and differentiating neuroblasts (Gires, 2011) . The first description of a CD44 high /CD24 low population with stem/progenitor cell properties was reported in breast cancer (Sheridan et al., 2006; Kai et al., 2010 Figure 1G ). Interestingly, a significant proportion of JURL-MK1 IM-S cells already expressed CD44 and CD24 markers, whereas a majority (80%) of JURL-MK1 IM-R cells were CD44 positive and CD24 negative. To expand these findings to a clinical level, we performed qPCR analysis of CD24 and CD44 markers on peripheral blood mononuclear cells (PBMCs) from 5 CML patients newly diagnosed with CML or in partial cytogenetic response after a 1-year treatment with imatinib ( Figure 1H ). Importantly, each patient at diagnosis had a very low expression level of CD44 mRNA and a high expression level of CD24 mRNA (green dots), while the opposite pattern of CD24 and CD44 mRNA expression was observed in imatinib-treated patients (red square). To confirm these results, we analyzed by flow cytometry a second set of CML CD34 + cells from imatinib-responder patients with a complete cytogenetic response within 1 year and imatinib-non-responder patients lacking a major cytogenetic response after 1 year ( Figure 1I ). Imatinib-non-responder CML cells showed a higher proportion of CD44 high cells than imatinib-responder cells that were essentially CD24 low /CD44 low . Finally, the mesenchymal-like phenotype of both CML IM-R Adh cell lines was confirmed by constitutive activation of the b-catenin network resulting from a sustained level of phospho-b-catenin (S552) (which is a central EMT signaling pathway) and increased expression of mesenchymal markers such as the matricial proteins osteonectin and FN. However, vimentin remained undetectable in all CML cell lines (not shown). As shown in Supplementary Figure  S2 , both IM-S and IM-R Adh K562 IM-R cells secreted FN into the culture medium, and imatinib (as expected) decreased FN secretion only by IM-S cells. The expression level of the transcription factor TBX3, which controls the EMT program, was also up-regulated ( Figure 1J ). In agreement with these results, the mRNA expression of osteonectin, b-catenin and TBX3, but not FN, was also increased in imatinib-non-responder-primary cells ( Figure 1K) . However, the expression of SNAIL, an EMT master regulator, was found to be identical in IM-S and IM-R Adh cells ( Figure 1J ). Finally, BCR-ABL was completely dephosphorylated following imatinib treatment of K562 and JURL-MK1 IM-R Adh cells, ruling out the possibility that ABL domain point mutations are responsible for the resistance of these cells to imatinib. This observation was confirmed through sequencing of the ABL domain of BCR-ABL (data not shown).
Imatinib promotes the adhesion and transmigration of IM-R Adh cells and their invasiveness in vitro and in vivo
We next evaluated the adhesion, migration and invasion properties associated with the EMT stem cell-like phenotype of the subpopulation of CML IM-R Adh cells. In the absence of imatinib, K562 and JURL-MK1 IM-R Adh CML cells adhered at a basal level (15%-20%) to an FN matrix. This basal level of adhesion was also observed when imatinib-non-responder CD34 + primary cells were seeded on an FN matrix ( Figure 2B ). To determine if increased basal adhesion occurred predominantly in imatinib-nonresponder primary cells harboring a point mutation in BCR-ABL, we directly compared the basal adhesion capability of BCR-ABL WT and mutated CML cells (Supplementary Figure S3A) . Interestingly, we found no difference in adhesion between these two subtypes of resistant cells. To strengthen these results, we transduced IM-R Adh cells with two known BCR-ABL mutants (T315 and M351T) frequently found in resistant patients and found no impairment of their adhesion properties (Supplementary Figure S3B) . In the presence of increasing concentrations of imatinib, more than 80% of K562 IM-R cells and 60% of JURL-MK1 IM-R CML cells adhered tightly to the FN substratum after 6 h ( Figure 2A ).
Increased adhesion was detected 5 min following imatinib addition and was maximal at 2 h ( Figure 2C ). Interestingly, 5 min after imatinib was removed from the culture medium, IM-R cell adhesiveness and spreading decreased and returned to basal levels at 8 h ( Figure 2D ). In addition to imatinib, nilotinib also increased the adhesion of IM-R Adh cells. In contrast, neither PD166326 (a dasatinib analog that is a dual BCR-ABL and src kinase inhibitor) nor sunitinib ( Figure 2E and F), two TKIs with different mechanisms of action from the former two drugs, modulated the adhesive properties of the K562 and JURL-MK1 IM-R Adh cell populations.
In addition to the acquisition of new imatinib-dependent adhesive properties, IM-R Adh K562 and JURL-MK1 cells exhibited an increased ability to spread and transmigrate across a TNFa-stimulated HUVEC primary endothelial cell monolayer following imatinib treatment ( Figure 3A and Supplementary Figure  S4 ). To assess their transmigratory potential in vivo, red-labeled IM-S and green-labeled IM-R Adh CML cells were injected in equal proportion in the caudal vein of nude mice, and their ability to extravasate through the pulmonary parenchyma was evaluated ( Figure 3B ). We postulated that K562 IM-S cells would enter the venous system and migrate across the vascular endothelium in the lungs. As shown in Figure 3B , after 6 days, only the green IM-R Adh cells extravasated and represented almost 100% of the CML cells present in the lungs. These results were confirmed by using IM-S and IM-R Adh CML cells stably expressing luciferase. The mice were randomized into four groups (n ¼ 6 per group) injected with IM-S or IM-R Adh cells and were then treated daily with an intraperitoneal injection of imatinib. Accordingly, 4 days after cell injection, bioluminescence was IM-S and IM-R Adh cells were treated (or not) with imatinib (3 mM) and seeded onto a Boyden chamber coated with a primary endothelial (HUVEC) cell monolayer that has been pretreated (or not) with 10 ng/ml TNFa. After 24 h, the number of transmigrated cells was counted in the lower chamber by flow cytometry. The results are expressed as the percentage of migrated cells versus the total number of cells and represent the mean + SD of four independent experiments performed in quadruplicate. (B) A total of 1.5 × 10 6 green IM-R Adh cells and red IM-S cells were injected via the tail vein of nude mice. At each indicated time point, blue dextran was administered before mice were sacrificed, and extravasated cells were counted using an inverted microscope. Two characteristic images are shown. The dotted white line indicates the blood vessels. (C) The pulmonary extravasation of K562 IM-S and IM-R Adh luciferase-positive cells was measured by bioluminescence imaging 4 days after tail vein injection. The nude mice in different cohorts (n ¼ 6) were pretreated (or not) with imatinib (60 mg/kg). No significant differences were detected between the treated and untreated conditions. A significant difference of pulmonary extravasation potential was observed between IM-R Adh and IM-S cells. The results represent the mean pulmonary bioluminescence intensity + SD. (D) K562 or JURL-MK1 IM-S and IM-R Adh counterparts were treated (or not) with imatinib (3 mM) and seeded onto a Matrigel-coated Boyden chamber for the invasion assay. After 24 h, the number of invading cells was determined in the lower chamber using flow cytometry. The results are expressed as the percentage of invasive cells versus the total number of cells and represent the mean + SD of four independent experiments performed in quadruplicate. (E and F) After injection of 1 × 10 6 K562 IM-S and IM-R Adh cells into the tail vein, the nude mice were separated into four groups (as indicated in each column of the table) and treated (or not) with imatinib (60 mg/kg) for 70 days. The mice were sacrificed, and organs were harvested. The bioluminescence resulting from the presence of metastases was quantified with a Photon Imager. The metastatic tropism and invasiveness of IM-R Adh cells were compared with IM-S cells. The number of luciferase-positive mice for each organ is indicated in E. A characteristic image is shown for each organ in F (3 mice per group). (G) The Kaplan -Meier survival curves are shown for nude mice that received IM-S or IM-R Adh cells with or without imatinib treatment. (H) After tail-vein injection of IM-R Adh cells, the nude mice were treated with imatinib at day 15 or day 35 post-injection (start). Otherwise, treatment was dispensed at day 0 but stopped at day 15 or day 35 postinjection (stop). The positive-control mice were treated for 70 days. The results represent the mean bioluminescence intensity + SD. For each panel of this figure, *P , 0.05 was considered significant. detected in the lungs of all mice. Importantly, a 4-fold increase in bioluminescence intensity was observed in the lungs of mice injected with IM-R Adh cells, reflecting the increased capacity of these cells to extravasate in vivo ( Figure 3C ).
In addition, imatinib also increased the ability of JURL-MK1 and K562 IM-R Adh cells to invade a Matrigel barrier ( Figure 3D ). This increased invasive potential correlated with higher levels of MMP-2 and -9 expression, secretion and/or activation into the medium of IM-R Adh cells compared with IM-S cells (Supplementary Figure S5A and B) . Finally, to evaluate in vivo the invasive behavior and metastatic tropism of IM-R Adh cells, we injected IM-S and IM-R Adh cells into mice via the tail vein and determined by bioluminescence imaging the preferential sites of metastases following long-term treatment with imatinib. Interestingly, K562 IM-S cells metastasized preferentially to the spleen, whereas, according to extravasation experiments, CD44
high /CD24 low IM-R Adh cells displayed a pulmonary metastatic tropism. Finally, treatment of mice with imatinib inhibited tumor progression when using IM-S K562 cells (four out of five mice did not exhibit any bioluminescence-positive metastases) but exacerbated the aggressiveness of IM-R Adh cells that were capable of invading the spleen and lymph nodes in addition to the lungs ( Figure 3E and F). This remarkable IM-R Adh cell aggressiveness is illustrated with Kaplan-Meier curves ( Figure 3G ) showing a significant decrease in mouse survival after IM-R Adh cell injection compared with IM-S cells. Imatinib treatment significantly enhanced IM-R Adh cell aggressiveness as observed by the short latency of CML disease. We also wished to determine whether this IM-R Adh cell population had a sustained aggressive potential following imatinib withdrawal. As depicted in Figure 3H , a late start (at day 35 post-injection) or an early stop (at day 15 post-injection) of imatinib therapy failed to block the tropism of IM-R Adh into the lungs but significantly diminished their invasion into the spleen and the liver. However, a late stop of imatinib treatment (at day 35 post-injection) did not impair their capacity to invade the spleen and liver. Consequently, imatinib appears to drive the initial tropism of IM-R Adh cells into the spleen and the liver but not into the lungs. aVb3 receptor is the primary mediator of the aggressive properties of CD44 high /CD24 low CML Adh cells
Because IM-R Adh cells were tightly adhered to FN in the presence of imatinib, we screened by qPCR analysis the expression levels of a large panel of adhesion molecules in both parental K562 IM-S and IM-R Adh cells and validated their upregulated expression by flow cytometry and western blot analyses ( Figure 4A and B) . Increased expression levels of integrin (ITG)a2b, ITGb3, ITGaV and PECAM1 were consistently detected in K562 IM-R Adh cells ( Figure 4A and B) , and overexpression of ITGb3 was also confirmed in JURL-MK1 IM-R Adh cells ( Figure 4C) . Importantly, overexpression of ITGb3 and PECAM1 but not ITGb5 was detected in the PBMC of 10 CML patients in partial cytogenetic response after 1 year of imatinib therapy ( Figure 4D and not shown), and the aVb3 receptor is highly expressed on the surface of CD34 + cells from imatinib-nonresponder patients ( Figure 4E ). Given that some integrin clusters are up-regulated at the transcriptional level in IM-R Adh cells, we hypothesized that adhesive marker promoters were demethylated in this cell subpopulation. A screening by qPCR microplates of most adhesion molecules was performed on IM-S cells treated by 5-aza-2 ′ -deoxycytidine (5Aza-dc, AZA), a DNA methylation inhibitor (Supplementary Figure S6) . After 6 days of AZA-treatment, all integrin markers involved in IM-R Adh cells adhesion were increased in IM-S cells, suggesting that ITGb3 and ITGaV promoters are demethylated in IM-R Adh cells.
Using loss-of-function approaches, we next investigated which of these adhesion-specialized proteins could be the primary mediator responsible for the adhesiveness and invasion functions related to the CD44 high /CD24 low phenotype. The adhesive properties of K562 and JURL-MK1 IM-R Adh cells were impaired in the presence of an anti-b3, an anti-aV or an anti-aVb3 receptor mAb, as were the adherence and invasiveness of these IM-R Adh cells treated with various concentrations of an RGD peptide ( Figure 4F and G). In contrast, neither an anti-ITGb1 mAb nor ITGb5 knockdown abrogated IM-R Adh cell adhesion (Supplementary Figure S7A and B). Altogether, our findings highlight the crucial role of the aVb3 receptor in promoting the adhesive and invasive phenotype of IM-R Adh CML cells in response to imatinib. BCR-ABL phosphorylation was inhibited to the same extent by imatinib in IM-S and IM-R Adh cells, eliminating the possibility of a mutation in the kinase domain of BCR-ABL. However, sustained activation of ERK and an increased activation of FAK/ Akt were detected in imatinib-stimulated IM-R Adh cells versus their IM-S counterparts ( Figure 5A ). In addition, we detected a clear colocalization of ITGb3 and active FAK in the focal adhesion points of the spread K562 and JURL-MK1 IM-R Adh cells treated with imatinib ( Figure 5B and Supplementary Figure S8 ), suggesting a specific role for the ITGb3/FAK pathway following imatinib-induced spreading of IM-R Adh cells. As active FAK colocalized with ITGb3 in focal adhesion points, we next investigated whether this kinase was involved in the adhesion of and invasion by IM-R Adh cells. The inhibition of FAK expression with two specific siRNAs (FAK1 and FAK2; Figure 5C ) abrogated imatinib-mediated invasion by IM-R Adh cells ( Figure 5D ).
Given the known role of the ABL protein in modulating the F-actin cytoskeleton (Woodring et al., 2002) , we hypothesized that ABL rather than BCR-ABL could be involved in promoting the effects of imatinib on IM-R Adh cell spreading and adhesion. To investigate this possibility, we first used two siRNAs directed against ABL (ABL1 and ABL2), which efficiently inhibit both BCR-ABL and ABL expression ( Figure 5E ). Joint silencing of BCR-ABL and ABL failed to affect the persistent activation of ERK and imatinib-induced FAK activation in IM-R Adh cells ( Figure 5E ), and both siRNAs increased the spreading, adhesive and invasive properties of these cells ( Figure 5F and G). In contrast, increased adhesion of IM-R Adh cells was not observed when we used an shRNA that specifically abrogates BCR-ABL but not ABL expression ( Figure 5H and I) . Collectively, these data show that inhibition of ABL, but not BCR-ABL, is required to exacerbate the adhesive properties of CD44 high /CD24 low IM-R Adh cells. aVb3-mediated adhesion of CD44 high /CD24 low IM-R Adh cells is also involved in resistance to imatinib through the induction of a CAM-DR process CAM-DR is a multidrug-resistant phenotype associated with cell -cell or cell -matrix interactions (Damiano, 2002) . To investigate whether overexpression of aVb3 was responsible for the protection of IM-R Adh cells from imatinib-mediated apoptosis, a hallmark of CAM-DR, we used either low-adhesive uncoated plates or an anti-b3 blocking mAb. As expected, FAK was not activated in K562 IM-S cells compared with K562 IM-R Adh cells treated with imatinib ( Figure 6A) . Failure of ITGb3 engagement, by seeding cells on uncoated plates or by using a blocking antibody, impaired imatinib-induced FAK/Akt phosphorylation and constitutive ERK1/2 activation and resensitized IM-R Adh cells to imatinib-induced caspase 3 activation ( Figure 6B ). These results were confirmed using a RGD peptide that was shown to block imatinib-induced FAK phosphorylation and persistent ERK activation and trigger caspase 3 activation ( Figure 6C ) and PARP cleavage ( Figure 6D ) in imatinib-treated K562 IM-R Adh cells.
Finally, it was important to investigate whether overexpression of ITGaV, ITGb3 or the combination of ITGaV and ITGb3 was sufficient to confer enhanced adhesive properties to IM-S cells and cells were plated on coated or uncoated wells or treated with either 1 mg/ml IgG isotype control, an anti-ITGb3 mAb neutralizing antibody (A) or the indicated concentrations of an RGD peptide (C). The cells were further exposed to 3 mM imatinib for the next 48 h. (A and D) FAK, Akt and ERK1/2 levels and phosphorylation status were visualized with immunoblotting using specific antibodies. (B and C) Caspase 3 activity was assessed using z-DEVD-AMC as substrate. The results are expressed as arbitrary units (A.U.) per mg of protein and represent the mean + SD of four independent experiments performed in quadruplicate. (E -G) IM-S K562 cells (1 × 10 5 /ml) were transfected with a pcDNA3-Control (pcDNA3-CT), a pcDNA3-ITGaV (pcDNA3-aV), a pcDNA3-ITGb3 (pcDNA3-b3) or with both ITGaV and ITGb3 vectors (pcDNA3-aV+b3) for 3 days. The cells were then treated with two concentrations of imatinib for the last 16 h before visualization of integrin receptor overexpression by FACS (E) or determination of adhesion as described above (F). IM-R Adh cells were used as a positive control for adhesion. The results are expressed as the percentage of adherent cells of the total number of cells and represent the mean + SD of four independent experiments performed in quadruplicate. (G) At 36 h after transfection, the indicated concentrations of imatinib were added for the next 36 h. Caspase 3 activity was assessed using z-DEVD-AMC as a substrate. The results are expressed as arbitrary units per mg of protein and represent the mean + SD of four independent experiments performed in quadruplicate. For each panel of this figure, *P , 0.05 was considered significant. resistance to imatinib-induced apoptosis. The co-expression of ITGaV and b3 allowed most cells to express high levels of integrin at the membrane ( Figure 6E ) and induced maximal adhesion (60%, which is similar to the level reached in K562 IM-R Adh cells) in the presence of imatinib ( Figure 6F) . Importantly, co-expression of aVb3 integrin at the cell surface was sufficient to inhibit imatinib-mediated apoptosis ( Figure 6G) . Collectively, our findings show that IM-R Adh cells are resistant to imatinib through ITGb3-mediated CAM-DR.
Discussion
Recent studies have highlighted the existence within tumors, of a small subpopulation of cancer stem/initiating cells (CSCs) that are thought to be the driving force involved in carcinogenesis, local invasion and the metastatic process (Glinsky, 2005; Spillane and Henderson, 2007) . Moreover, accumulating data support the idea that these cells could play an important role in chemoresistance (Dean et al., 2005) . Therefore, these highly chemoresistant cells are likely to be the main cause of relapse after an initial favorable response to a chemotherapeutic treatment. To mimic in vitro the emergence of such a cell subpopulation in response to TKIs, we first generated imatinib-resistant cells by iteratively exposing cells to low doses of imatinib. When maintained in the continuous presence of high concentrations of imatinib, we observed that a small spread population of IM-R CML cells strongly adhered to the culture dishes and continued to proliferate as attached cells. After several cycles of gentle detachment and replating, homogeneous populations of K562 and JURL-MK1 IM-R adherent cells were obtained. Upon withdrawal of imatinib, IM-R Adh cells quickly stopped spreading and became round with a very slight adhesion phenotype, demonstrating that the enhanced adhesion of IM-R Adh CML cells is strictly dependent on the presence of imatinib in the culture medium.
An interesting feature of the IM-R Adh CML cells described here is that they exhibited an increased potential for migration and invasion. In the presence of imatinib, they displayed the same spread morphology, high migratory and invasive behavior and expressed the same set of mesenchymal markers (SNAIL, osteonectin, TBX3, FN and b-catenin) that cells undergoing the EMT express to migrate from one tissue to another (Thiery et al., 2009) . Assuming that, owing to their non-epithelial origin, IM-R Adh CML cells have not undergone a true EMT process, we postulated that they exhibited a behavior similar to that of EMT cells and can therefore be considered as displaying an EMT-like phenotype.
In solid cancers (more particularly in breast tumors), CSCs are defined as CD44 high /CD24 low cells that have acquired an increased invasive capacity owing to their ability to undergo EMT (Al-Hajj et al., 2003) . Interestingly, we found that the IM-R Adh population was 11-fold enriched with LIC compared with IM-S cells and had upregulated CD44 mRNA and downregulated CD24 mRNA, a property shared by breast cancer-initiating/stem cells. Accordingly, this CD44 high /CD24 low subpopulation is also present among CML primary cells from imatinib-non-responder patients. More importantly, when injected in vivo into nude mice, CD44 high /CD24 low IM-R Adh CML cells extravasated four times higher to the lung than their CD44 low /CD24 high IM-S counterparts. In addition, dissemination of CD44 high /CD24 low CML cells in lymphoid organs, such as the spleen or lymph nodes, was increased in cells treated with imatinib, a situation that reflects the one observed in vitro. This imatinib-induced invasiveness of IM-R Adh cells results in a drastic reduction in mouse survival compared with the survival observed after IM-S cell injection. Collectively, these results show that long-term exposure to imatinib promotes a small population of leukemic cells that exhibit a stemness EMT-like phenotype compatible with a transdifferentiation process. In addition, this observation also suggests that it could be beneficial for patients to avoid long-term treatment with BCR-ABL-only TKI therapies such as imatinib or nilotinib in favor of a broader therapy. However, our results also suggest that halting imatinib therapy after a long period of time is not sufficient to prevent the emergence of this CD44 high /CD24 low CML cell population, as the tropism of these cells for their target organs is driven at the beginning of TKI-treatment.
To further characterize this EMT-like phenotype and to determine the molecular players responsible for the exacerbated adhesive and invasive properties associated with this cell phenotype, we compared the integrin signature of K562 and JURLMK-1 IM-R Adh cells with that of parental CML cells. IM-R Adh cells showed a drastic increase in the expression of several adhesion molecules such as TSP1, TSP1-R, ITGa2B, ITGa5, ITGaV, ITGb1, ITGb3, ITGb5, MCAM, and PECAM1. Interestingly, overexpression of some of these molecules such as ITGb3 was also observed in the PBMC cells from CML patients treated after 1 year of imatinib therapy. Our data suggest that high expression of this set of integrins in the IM-R Adh cell population results from promoter demethylation.
Whereas ITGb1 allows for interactions between normal CD34 + progenitors and the medullar stroma to control proliferation and limit migration, it has previously been reported that a4b1 (VLA-4) and a5b1 (VLA-5)-mediated adhesion of CD34 + cells is perturbed during CML-associated transformation (Verfaillie et al., 1992) . This alteration of adhesive properties of CML progenitors is mediated by BCR-ABL, which blocks both the engagement of VLA-4 and VLA-5 and signaling via these receptors . Interestingly, in this context, AG957, the first TKI shown to be effective on BCR-ABL, allowed restoration of CML cell adhesion to FN . However, whereas ITGa5 and ITGb1 are overexpressed in IM-R Adh cells, they are definitely not involved in the imatinib-mediated spreading of these cells. Rather, adhesion of IM-R Adh cells was found to be dependent on a functional aVb3 integrin receptor (CD51/ CD61) as it was impaired in the presence of an RGD peptide, anti-b3, anti-aV, or anti-aVb3 mAbs. Thus, IM-R Adh cells exhibit an EMT-like phenotype favoring the expression of a new panel of integrins (particularly aVb3) and molecules involved in intercellular adhesion. It may appear paradoxical that increased adhesion is associated with a highly migratory and invasive phenotype. However, it is now understood that adhesion serves as a molecular clutch to promote cell migration (Huttenlocher and Horwitz, 2011) . First, integrin-induced traction forces orchestrate cell movement by linking the extracellular substratum (i.e. fibronectin) to the actin cytoskeleton, which we observed (with phalloidin staining) to be completely reorganized. Second, ligand binding induces integrin clustering that forms the multiprotein complex necessary to activate the multiple signaling pathways (i.e. FAK and ILK pathways) involved in cell migration. Finally, it has been reported that the integrin repertoire expressed by cells strongly correlates with migratory behavior; for example, expression of aVb3 integrin on melanomas correlates with tumor invasion (Seftor et al., 1992) . Acquisition of this new set of integrins confers on IM-R Adh cells the ability to overcome ITGb1-mediated alteration of adhesive properties and drives a high invasive potential in response to imatinib. Consistent with this ITGb1-independent mode of adhesion and invasion, we show that inhibition of BCR-ABL, described as the main factor blocking ITGb1-mediated adhesion in CML , failed to increase adhesion of IM-R Adh. In contrast, inactivation of ABL function with imatinib or specific siRNAs strongly enhanced adhesion and invasion following cellular spreading. Recent studies have reported that inhibition of ABL in NIH3T3 cells triggered cellular spreading following activation of two key substrates, CrkII and Nck, that control reorganization of the actin cytoskeleton (Antoku et al., 2008) . Whether this is also the case in our cellular model requires further investigation. Nevertheless, imatinib-mediated spreading is associated with cytoskeleton reorganization, which controls the clustering of aVb3 and the formation of focal adhesion points responsible for the activation of the FAK/Akt pathway necessary for transendothelial migration and invasion.
An EMT-like phenotype of IM-R Adh cells does not explain why imatinib failed to kill them. It has been demonstrated that tumor cell interactions with FN or more generally with other ECM molecules, considerably affect drug response and are critical for the establishment of drug-resistant cell populations in leukemia (Damiano et al., 1999; Damiano and Dalton, 2000) . Therefore, forced adhesion of the K562 CML cell line to FN via a5b1 integrin engagement was reported to significantly impair imatinib-induced apoptosis (Lundell et al., 1996) . This process, referred to as CAM-DR, was initially reported in multiple myeloma cells by Damiano et al. (1999) .
In the present study, using loss-of-function approaches with neutralizing antibodies or an RGD peptide, we determined that the EMT-like phenotype acquired by IM-R Adh cells confers an aVb3-dependent invasive potential and cell adhesion-mediated imatinib resistance (CAM-IR). In Damiano's work, the authors report CAM-DR as a process resulting from chemotherapyinduced overexpression of integrin subunits that mediate chemoresistance via cellular adhesion. In addition, imatinib directly or indirectly increases expression of adhesive molecules that by themselves promote enhanced adhesion and subsequently drug resistance. Therefore, the CAM-DR process can be defined as the sum of a drug-induced cellular switch and resistance to this drug. The cellular switch process cannot be dissociated from the resistance mechanism.
We next investigated the signaling pathways activated downstream of the aVb3 receptor responsible for CAM-IR. While imatinib-mediated cellular spreading triggered the FAK/Akt pathway involved in the migration of and invasion by IM-R Adh cells, we also observed a constitutive activation of the ERK pathway independent of imatinib. Importantly, despite BCR-ABL inhibition by imatinib, the ERK pathway was activated by aVb3 receptor engagement in IM-R Adh cells. Accordingly, a blockade of aVb3 or inhibition of the ERK pathway by U0126 (not shown) resensitized IM-R Adh cells to imatinib-mediated cell death. This observation is in good agreement with recent data in the literature that involved several cell adhesion-mediated survival pathways including VLA-4/MEK in CAM-DR (Chatterjee et al., 2004) .
In conclusion, Supplementary Figure S9 summarizes the mechanism of action of imatinib on the small subpopulation of CD44 high /CD24 low CML cells. In CD34 + CML cells, BCR-ABL triggers the inhibition of ITGB1 clustering and signaling to promote de-adhesion from BM stromal cells and the systemic circulation of CML cells (Verfaillie et al., 1997) . A rare CD44 high /CD24 low subpopulation selected by continuous imatinib exposure displaying an EMT stem cell-like phenotype and expressing a new set of adhesion markers and, more particularly, aVb3 receptor spreads and invades in response to TKI treatment. Interestingly, imatinib-induced ABL inhibition promotes the clustering of aVb3 and formation of focal adhesion points responsible for the activation of the FAK/Akt pathway favoring invasion and extravasation. Despite imatinib-mediated BCR-ABL inhibition, aVb3 receptor signaling also maintains the constitutive activation of ERK1/2 that is involved in CAM-IR. Because CAM-DR has been recognized as an important mechanism of resistance to chemotherapy in hematopoietic malignancies and solid cancers, anti-adhesion strategies aimed at circumventing such resistances have received increasing attention. These anti-adhesion strategies include the targeting of surface antigens, the inhibition of cell adhesion-associated pathways, the inhibition of CAM-DR and targeted drug delivery. The demonstration of the existence of a rare EMT-like subpopulation of CML cells that overexpresses the aVb3 receptor to resist TKI treatment may represent the starting point for the use of anti-adhesion therapies in hematopoietic malignancies where CAM-DR is activated. In this respect, treating patients with a combination of TKI-inhibitors and anti-adhesion molecules (i.e. humanized anti-ITGb3 antibodies) or FAK inhibitors to prevent the occurrence of rare cell populations with high invasive potential could represent an original therapeutic strategy.
Materials and methods
Reagents and antibodies
The list of antibodies and reagents used in this manuscript is provided in Supplementary Materials and methods.
Cell lines
The human CML cell lines K562 (ATCC) and JURL-MK1 (DSMZ) were grown at 378C under 5% CO 2 in RPMI 1640 medium (Gibco BRL) supplemented with 5% and 10% fetal calf serum (Gibco), respectively. The procedure to isolate IM-R Adh cell population is described in Supplementary Materials and methods.
Primary cell isolation and real-time qPCR analysis
Blood samples were collected from 10 patients newly diagnosed with CML or in partial cytogenetic response after one year of imatinib therapy as part of an institutionally approved cellular sample collection protocol. Informed consent was obtained according to institutional guidelines. The sorted CD34 + primary cells from imatinib-responder or non-responder patients were used for quantitative PCR analysis and flow cytometry and adhesion assays. The patients with a complete cytogenetic response within 1 year were defined as responders, and the patients lacking a major cytogenetic response (.35% Philadelphia-positive metaphases) after 1 year were defined as non-responders. The detailed protocol for treatment of primary cells is described in Supplementary Materials and methods.
Western blotting
Western blot analyses have been described previously (Puissant et al., 2010a, b) .
Measurement of caspase 3 activity
Caspase assays have previously been described in detail (Puissant et al., 2008; Fenouille et al., 2010) . 3D spheroid formation 10 × 10 4 K562 cells/ml were centrifuged at 400 g for 10 min. The pellet was gently detached in a medium supplemented with 1 mM MnCl 2 and 2 mM MgCl 2 and added to a 24-well plate coated with 1.5% agar (Difco; Sparks). The plates were then left to incubate for 48 h, by which time cells had organized into threedimensional spheroids.
Confocal microscopy
The microscopy experiments procedure is detailed in Supplementary Materials and methods.
Knockdown by siRNA
Stealthw small interfering RNAs (siRNA) targeting FAK and Abl were purchased from Invitrogen. The plasmid controls pcDNA3-CT, pcDNA3-ITGaV (a generous gift from Dr Jean-Luc Coll, INSERM U823, Grenoble, France), and pcDNA3-ITGb3 (a kind gift from Dr Ernst Lengyel, University of Chicago Medical Center, Chicago, IL, USA) were transfected using the Nucleofectorw Amaxa (protocol T16 and Kit V; Lonza AG) (Puissant et al., 2010a, b) .
Flow cytometry analysis
The cells were washed with ice-cold PBS, incubated for 30 min with the indicated anti-ITG antibodies diluted in PBS, 0.5% BSA, and 2 mM EDTA and analyzed using a MACSQuant.
Co-culture experiments
HUVEC primary endothelial cells were grown in EGMw-2 and were cultured on the upper membrane surface of a Boyden chamber overnight to generate a confluent monolayer. IM-S and IM-R Adh K562 cells were seeded into the HUVEC-coated Boyden chamber membrane pretreated (or not pretreated) with 10 ng/ml TNFa (Peprotech).
In vivo studies
Luciferase-positive leukemic cells were generated as described in Supplementary Materials and methods and visualized in the animal after intraperitoneal injection of 50 mg/kg luciferin (Caliper Life Sciences) by bioluminescence imaging using a Photon Imager (Biospace Lab). To perform pulmonary extravasation analysis, 1.5 × 10 6 IM-S and IM-R Adh cells were labeled with CellTracker TM Red and Green, respectively, and lungs analyzed as described in Supplementary Materials and methods.
Statistical analyses
The results are expressed as the mean + SD. Statistical analyses for in vitro and in vivo experiments were performed as described in Supplementary Materials and methods.
Supplementary material
Supplementary material is available at Journal of Molecular Cell Biology online.
